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A B S T R A C T
Tube drawing with a ﬁxed plug is investigated experimentally and numerically in order to optimise an industrial
pass sequence. Tube drawings are performed on a laboratory drawing bench equipped with force, displacement
and temperature sensors. The drawing limit of 316 LVM stainless steel (SS) tubes is determined by varying the
plug position and the eﬀect of lubricant is discussed. The numerical model relies on the precise die geometry
measured using a contact method and on the mechanical behaviour of SS 316 LVM characterised by tensile tests
between 20 °C and 200 °C on annealed tubes. The friction coeﬃcients between tube and die and tube and plug
are determined by FE modelling by comparing measured and simulated plug, die and drawing forces. The use of
a solid lubricant together with the lubricating oil prevents stick and slip and lowers the friction coeﬃcients.
Friction is further decreased by preheating the die. The identiﬁed friction coeﬃcients are discussed in terms of
the classic Stribeck friction curves and lubrication is found to be in the hydrodynamic regime.
1. Introduction
Stainless steel (SS) is widely used for engineering applications
where high formability, environmental resistance and speciﬁc me-
chanical properties are required. 316 LVM (Low carbon Vacuum
Melted) seamless tubes in particular are used in the automotive, watch
and medical industries where precise dimensions and good surface
ﬁnish are required (Poncin and Proft, 2004). Seamless tubes are less
prone to grain boundary stress corrosion compared to welded tubes due
to impurities segregation in the welding seam. Starting from seamless
pipes, tubes are cold drawn through dies. In the trend towards minia-
turisation (tubes with smaller diameter and thinner wall thickness) a
large number of passes are often required to reach the ﬁnal tube di-
mensions. While the ﬁrst passes are usually performed with a mandrel
to reach high section reductions, the ﬁnal passes are achieved with a
plug to lower inner surface roughness (Yoshida and Furuya, 2004).
After drawing, the material is work-hardened and needs to be an-
nealed to recover its ductility for subsequent passes. Industrially, mul-
tipass drawing without interpass annealing is often performed to de-
crease the drawing force per pass (Fang et al., 2013). One way to
decrease the number of passes is to increase the section reduction per
pass as shown by Karnezis and Farrugia (1998) who replaced two-pass
schedules with single-pass schedules. To avoid fracture occurring at the
die exit, the drawing stress applied to the drawn section at the die exit
must remain within a safety margin below the ultimate tensile stress of
the drawn material. The axial stress in the drawn tube is therefore the
main limitation for drawing as shown by Béland et al. (2011). Bui et al.
(2011) determined the drawing limit of AA6063 tube using a 5° half-
angle conical mandrel. The same approach using a 0.053° half-angle
conical mandrel was applied for L605 cobalt-chromium tubes (Linardon
et al., 2014). In her PhD dissertation, Linardon (2014) performed si-
milar measurements on 316 LVM tubes and found a section reduction at
fracture of 62.9%. Palengat et al. (2013) performed cylindrical mandrel
drawings of 316 LVM tubes and obtained a drawing stress of 750MPa at
55% section reduction. This excellent ductility of face-centered cubic
austenitic steels is not only due to their low stacking fault energy
(Padilha et al., 2003) but also due to the loading path during drawing
with an initial compression, which increases the tensile fracture limit.
On the numerical side, Linardon and Palengat found, by Finite
Element Modelling (FEM), Coulomb friction coeﬃcients lower than 0.1
but did not give information on lubrication. Furthermore, their works
led to the conclusion that the temperature increase during drawing
needs to be considered in the material model, for example in Furushima
and Manabe (2007).
The above-mentioned works are adapted here for tube ﬁxed-plug
drawing, which diﬀers from mandrel drawing by the fact that the plug
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is ﬁxed. The drawing stress vs. section reduction curves are determined
by varying the plug position for diﬀerent thermal and lubricating
conditions. Numerically, the inﬂuence of temperature is taken into
account through the temperature-dependent mechanical properties of
316 LVM.
The present work associates precise measurements (tools geometry,
material behaviour, forces on tools and tube, temperature and lu-
bricating ﬁlm thickness) with FEM calculations to determine the un-
known friction coeﬃcients. The identiﬁed coeﬃcients are discussed in
terms of the classic Stribeck friction curves to determine the lubrication
regime on the tube-die contact.
2. Experimental procedure
2.1. Materials
316 LVM stainless steel tubes with the chemical composition given
in Table 1 are provided by Swiss-Tube after ca. 10min annealing at
1020 °C in a continuous furnace under hydrogen as protective gas. Tube
nominal dimensions are 3.78 OD×3.50 ID× 0.140 T mm where OD is
the tube outer diameter, ID is the inner diameter and T is the tube
thickness.
The microstructure is fully austenitic with equiaxed grains of
average size of 16–19 μm (ASTM grain nr. 8.5–9) before drawing as
shown in Fig. 1-a (longitudinal direction) and Fig. 1-b (transverse di-
rection). The as-drawn microstructures exhibit deformation bands
preferentially oriented in the drawing direction, shown in Fig. 1-c.
Since plastic deformation occurs without volume change and there is an
absence of dynamic recrystallisation during cold drawing, grains elon-
gate in the drawing direction. For instance, an aspect ratio of ca. 2
(grains of average size 11 μm×23 μm) is seen at 47% section reduction
(Fig. 1-d). After drawing, grain size remains uniform throughout the
thickness. The initial grain size of 16–19 μm is recovered after the an-
nealing step.
The tools (die and plugs) are made of Extramet EMT 210 tungsten
carbide (WC) with an average grain size lower than 0.8 μm. After ma-
chining and polishing, the roughness of the tools’ contact zones are ca.
0.7 μm for the die and ca. 0.03 μm for the plugs according to optical
roughness measurements (Keyence VK-X250).
Two commercial lubricating oils with diﬀerent viscosities (Fig. 2)
were used for drawing. Viscosity measurements were performed on a
TA instruments DHR-2 rheometer. A shear rate ramp from 0.1 to 100
s−1 was applied after the temperature was maintained constant for
5min. Both lubricants are liquid and display Newtonian behaviour in
the tested shear rate and temperature ranges at atmospheric pressure.
While lubricant A (LA) is 10 times more viscous than lubricant B (LB) at
27 °C, their dynamic viscosity is almost identical at 90 °C. Although LA
features a higher thermal stability than LB, both lubricants produce
smoke above ca. 150 °C. LA, being highly chlorinated, is denser than
chlorine-free lubricant LB (1.29 vs 0.99 g/cm3 at 23 °C).
2.2. Tensile tests
In order to be as close as possible to the industrial conditions, tensile
tests on 3.78 OD×3.50 ID × 0.140 T mm tubes taken from the pro-
duction line in annealed state were performed at diﬀerent strain rates
and temperatures. An Instron 1431 hydraulic tensile machine was
chosen in combination with a short specimen length in order to reach
strain rates as high as possible since strain rate during drawing reaches
several tens of s−1 at 40mm/s and several hundreds of s-1 at 300mm/s.
3.48mm diameter pins are inserted at both tube extremities in order to
avoid tube crushing in the V-shaped grips as suggested by Linardon.
Axial strain is measured using a Sandner EXA 20–50 extensometer
(error of< 0.5%) with a gauge length of ca. 16mm in agreement with
the ASTM A370-16 standard recommending a value of at least 4 times
the outer tube diameter. Tensile loads are performed at constant dis-
placement rates. Strain rate jumps are performed in order to char-
acterise the strain-rate sensitivity. A 10 kN load cell is used to record
the force. Besides tests at room temperature, tests were performed at
100 °C and 200 °C in a Shimatzu TCE-N300 furnace.
2.3. Tube ﬁxed-plug drawings
A home-made 6-meter-long drawing bench was used for tube ﬁxed-
plug drawings. It is equipped with two force sensors, two heating re-
sistances and three thermocouples (Fig. 3).
During drawing, the tube is pulled into the die by a conveyor. As the
plug is dragged into the die due to friction, it is held by a rod ﬁxed to
the bench. Although the plug position is ﬁxed during drawing, it can be
modiﬁed by adjusting the rod length. This adjustment is made either
before a new drawing or after interrupting a drawing in order to obtain
a tube with diﬀerent section reductions. This, in combination with the
conical shape of the plug, allows increasing the pass severity by posi-
tioning the plug deeper into the die.
Forces are measured by piezo-electric sensors chosen for their high
accuracy and their high rigidity, ideal for dynamic measurements. The
drawing force, Fdraw, and the reaction force on the plug, Fplug, were
measured using 9311B Kistler sensors. Plug, die and conveyor were
carefully aligned by laser. Force equilibrium was therefore used to
compute the reaction force on the die, Fdie: Fdie = Fdraw - Fplug. The
measuring chain comprises high-insulation cables and a charge ampli-
ﬁer. The conveyor position is measured using a magnetic encoder
(GCA5 Baumer). A LabVIEW-based data acquisition system (National
Instruments USB6259) is used on a laptop to record forces and conveyor
position at a sampling rate of 5 kHz with an averaging window of 100
samples.
Three thermocouples are used to estimate the tube temperature in
the bearing zone, Ttube, which cannot be measured directly. The die is
equipped with two type-K thermocouples as shown in Fig. 3. These two
thermocouples are positioned in 0.8 mm diameter and 2mm depth
holes machined by EDM at 180° from each other. Contrary to the work
of Haddi et al. (2011), the holes are drilled perpendicular to the thermal
gradient following the work of Chobaut et al. (2015). The position of
TC1 and TC2 from the die axis is r1=2.8mm and r2=3.6mm re-
spectively. The surface temperature, Ts, is estimated assuming a con-
stant thermal gradient:
= − −
−
−T T T T
r r
r r[ ]s die1 1 2
1 2
1 (1)
where T1 and T2 are the temperatures measured by TC1 and TC2 re-
spectively and rdie is the die radius at the depth of TC1. Eq. 1 assumes
that temperature is distributed linearly along the radial direction,
which may lead to large deviation (Linardon, 2014). Therefore, Ts is
considered as a lower bound of Ttube and another thermocouple is used
complementarily in order to improve the estimation of the tube tem-
perature. This thermocouple is an Omega 88227 K contact thermo-
couple placed at the die exit (Fig. 3) at about 20mm from the tube-die
contact zone. Due to convection loss, it gives a temperature, TCcontact,
Table 1
Chemical composition of 316 LVM stainless steel (in wt. %).
Elements Si Cu Mn C Cr Ni Mo N P S
wt. % 0.52 0.044 1.63 0.017 17.47 14.35 2.74 0.064 0.016 ≤ 0.001
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considered also as a lower bound of Ttube. The tube temperature was
therefore considered at least equal to the maximal value between Ts and
TCcontact. Thermal measurements are performed at 10 Hz using a NetDaq
Networked Data Acquisition Unit together with the NetDAQ Logger
software.
The tools’ dimensions were measured at 20 °C and 50% relative air
humidity using a Werth VideoCheck® machine in sensor mode with a
rigid stylet equipped with a 2mm diameter sapphire ball (error
of± 1.8 μm determined on a standard ring).
Prior to drawing, a ca. 10 mm long tip (3.10 mm OD) was cold
forged by rotary swaging in order to insert the tube into the die. The
liquid lubricating oil (LA or LB) was applied generously by hand on the
plug and on the tube outer surface and a pressurised nozzle was used to
ﬁll the tube. A water-soluble polymer-based solid lubricant (SL) con-
taining about 3.5 at% of Na and 2.3 at% of Cl according to XPS mea-
surements was applied on the tube inner and outer surfaces. This solid
lubricant used in conjunction with the liquid lubricating oil improved
lubrication thus allowing higher section reductions. An accumulation of
lubricant at the die entry was observed during drawing. This is due to
the squeezing out of the lubricant. After drawing, the tubes were vi-
sually inspected to check the absence of surface defects.
In order to determine the tube dimensions before and after drawing,
ca. 150mm long samples are cut and cleaned. The outer diameter (OD)
is measured with a laser (error of± 1 μm) at 6 diﬀerent positions on the
sample. The average cross-sectional area, S, is calculated from the
sample mass, m, (error of ± 2mg) and length, L, (error of± 0.02mm).
The inner diameter (ID) and the thickness (T) are derived from OD and
S assuming perfect cylinders. From these measurements, the true sec-
tion reduction, RV, is calculated as:
⎜ ⎟ ⎜ ⎟= ⎛
⎝
⎞
⎠
= ⎛
⎝
⎞
⎠
R S
S
m L
m L
ln lnV in
out
in out
out in (2)
where the subscripts in and out stand for inlet (before drawing) and
outlet (after drawing) tubes.
The roughness of the cleaned outer and inner sample surfaces was
measured using a Keyence VK-X250 3D laser scanning confocal
Fig. 1. Optical micrographs before drawing in longitudinal (a) and transverse (b) directions and after drawing at 30% (c) and 47% section reduction (d) in
longitudinal direction. The longitudinal (i.e. drawing) direction is horizontal in (a, c and d).
Fig. 2. Temperature-dynamic viscosity diagram at 1 bar of LA and LB used in
this work.
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microscope with 0.25 μm spatial resolution and 0.0005 μm precision in
height.
2.4. Estimation of lubricant ﬁlm thickness after drawing
The thickness of the carbon-based lubricant layer was measured on
uncleaned as-drawn samples. X-ray photoelectron spectroscopy (XPS)
was used for characterisation of near-surface chemical composition
using a PHI VersaProbe II scanning XPS microprobe from Physical
Instruments AG. The device used a monochromatic Al Kα X-ray source
with 25.2W power and a beam size of 100 μm. Depth proﬁling was
performed at 46.95 eV pass energy using Argon ion sputtering over an
area of 1mm×1mm. For chemical analysis, the spectra were shifted
so that the C1s C-C peak is at 284.8 eV. Carbon, iron, oxygen, and
chlorine composition was of particular interest. For carbon, the C1s
peak was analysed around 285 eV. For iron, the Fe2p peak was analysed
around 705 eV to 725 eV. For oxygen, the O1s peak was analysed
around 533 eV. For chlorine, the Cl2p peak is analysed around 200 eV.
3. Modelling
3.1. Constitutive equation
To ﬁt the measured stress-strain curves, a phenomenological law
with multiplicative hardening (modiﬁed Johnson-Cook model) is
chosen as an alternative to more complex physically-based laws (Bui
et al., 2013). The uniaxial tensile load at constant temperature is de-
ﬁned by Palengat et al. (2013):
∫= + + = =σ A Bp C p p p ε p p t( )[1 ln ( ˙ / ˙ )] with ˙ | ˙ | and ˙ dV n in0 (3)
where σV is the true axial ﬂow stress, ε˙in is the inelastic strain rate and p is
the inelastic deformation. In Eq. (3), A is the yield strength at 0% strain
oﬀset, B and n are hardening parameters, C is the strain-rate sensitivity and
p˙0 is the reference plastic strain rate. The parameters (A, B, n, C) are tem-
perature-dependent. Following the works of Palengat et al. (2013) and
Linardon et al. (2014), the modiﬁed Johnson-Cook law is chosen because its
parameters are easier to identify than the parameters of additive laws
(Lemaitre and Chaboche, 1988), it is implemented in Abaqus and para-
meters for a 316 LVM stainless steel are available at 20 °C (A=287MPa,
B=1265MPa, n=0.664, C=0.021) for comparison (Linardon, 2014).
3.2. FE model of drawing
An axisymmetric ﬁnite element (FE) model is built in Abaqus/
Standard to simulate ﬁxed-plug drawing as illustrated in Fig. 4. A tube
(3.78 OD×3.50 ID × 0.140 T mm) is meshed over a length of 10mm
using four-node bilinear axisymmetric quadrilateral elements (CAX4). 9
elements are used through the tube thickness with a size of 10 μm along
the tube axis.
The numerical model relies on the accurate die geometry measured
using a contact method and on the mechanical behaviour of SS 316
LVM characterised by tensile tests between 20 and 200 °C on annealed
tubes.
The axisymmetric and isothermal FEM model with rigid tools fea-
tures the following assumptions:
• Considering the large elastic modulus of the WC tools, they are as-
sumed rigid and are therefore deﬁned by analytical surfaces in
Abaqus.
• Constant drawing speed corresponding to steady state.
• A given temperature is imposed to the whole tube, i.e. heat ﬂow is
not calculated. This assumption is justiﬁed by the fact that the tube
heats up rapidly at the beginning of drawing by deformation heat
dissipated throughout its volume and by friction heat dissipated on
its surfaces.
• The elastic properties are taken at 20 °C (Young’s modulus of
192 GPa and Poisson coeﬃcient of 0.29 according to Linardon
(2014)) after checking that their temperature-dependency has a
negligible eﬀect on the predicted forces.
• As temperature is uniform, mechanical properties with isotropic
hardening (Johnson-Cook model) are also uniform.
• Accumulation of plastic deformation with no dynamic re-
crystallization.
• Uniform Coulomb friction coeﬃcients on both tools, plug and die.
The friction coeﬃcients between tube and plug, μplug, and tube and
die, μdie, are determined by FE modelling by comparing measured and
simulated axial plug and die forces for a given section reduction. This
identiﬁcation procedure is done for each pass by varying the axial po-
sition of the conical plug in the FE model.
4. Results and discussion
4.1. Thermo-mechanical behaviour
The tensile curves at 20 °C, 100 °C and 200 °C are shown in Fig. 5-a.
Flow stress increases with decreasing temperature and increasing strain
Fig. 3. Cut view of the die assembly and its holder within the drawing bench. One part of the assembly is shown for symmetry reasons. The ca. 3m long rod and tube
are cut for the sake of clarity.
Fig. 4. Axisymmetric model of tube ﬁxed-plug drawing. Only the contours of
the tools (die and plug2) deﬁned by analytical surfaces are visible.
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rate as this is the case for austenitic stainless steels in the tested tem-
perature and strain rate range (Hong and Lee, 2004). However, con-
trary to most other metals, the ductility of austenitic SS decreases when
temperature increases from 20 °C to 200 °C as shown by Byun et al.
(2004) for annealed 316 SS and by Hong and Lee (2004) for a 17% pre-
strained 316 L SS. This is shown for 316 LVM in Fig. 5-a where the stars
indicate the onset of necking according to Considere’s criterion for
plastic instability. Due to the present strain rate limitation of ca. 4 s−1,
Hopkinson bar tests typically used to feed material models for crash
simulations should be considered, seen for instance in Bui-Van et al.
(2009). Such tests performed on a SS 316 L (Albertini et al., 2014) at
20 °C show that necking occurs at lower strains for higher strain rates as
also observed in Fig. 5-a.
High deformations measurements on tubular tensile specimens
being limited by extensometer slip (crosses in Fig. 5-a) strain mea-
surements were performed by stereo digital image correlation on full
tensile samples cut in the thickness of 25.0 OD×20.0 ID × 2.5 Tmm
annealed 316 LVM seamless pipes corresponding to the material at
Swiss-Tube before any pass. The tensile curve at 20 °C and 0.0006 s−1
(see inset in Fig. 5-a) is consistent with the curve obtained on tubes and
shows that fracture occurs at around 53% true strain at a true stress of
about 1050MPa.
The experimental stress-strain curves in Fig. 5-a are fed into a
dedicated optimisation software (SiDoLo) developed by Pilvin and
Cailletaud (1994) to determine the four model parameters (A, B, n, C)
giving the best ﬁt as shown exemplarily in Fig. 5-b. Similarly to the
work of Linardon (2014), p˙0 = 0.03/s was chosen in Eq 3–1 for the sake
of comparison. At 20 °C, the obtained parameters (see inset in Fig. 5-b)
are identical to the ones of Linardon based on tube tensile tests at 0.03,
3 and 9 s−1, except B equal to 1265MPa in Linardon’s work. This
diﬀerence comes from the diﬀerent chemical composition of the two
316 LVM alloys and their initial grain size (32 μm for Linardon versus
16–19 μm in this work). The yield strength A and the strain-rate sen-
sitivity C decrease with increasing temperature (Fig. 6).
The work hardening parameters B and n also decrease with in-
creasing temperature. These two parameters having an antagonistic
eﬀect on the work hardening term B.pn (a decrease of n< 1 leads to an
increase of this term for p < 1). It was checked that the work hard-
ening term decreases with increasing temperature. The same trend,
attributed to a maximal accumulation of dislocations at low tempera-
ture and an increase of their annihilation probability at high tempera-
ture, was found for a 17% pre-strained 316 L SS (Hong and Lee, 2004).
For FE drawing simulations, the temperature-dependent parameters (A,
B, n, C) are interpolated linearly as a function of temperature and treated as
uniform material properties (applied throughout the whole tube).
4.2. Tools geometry
The die and plug’s geometries are shown in Fig. 7-a and b respec-
tively where the coloured surface represents the diﬀerence between
measurements (dots) and their ﬁts (conical or cylindrical). This diﬀer-
ence is lower than 0.1% of the die diameter (∅3.253mm) and about
0.5% of the average plug diameter. Therefore, both tools are considered
axisymmetric and their average proﬁles are taken as input for the FE
model.
The die (Fig. 7-a) features a ca. 9.8° half-angle reduction cone whose
goal is to reduce the tube diameter. The tube thickness is controlled by
the relative position between the die bearing zone and the plug. The
bearing zone can be approximated by a 0.26mm high cylinder with a
diameter of 3.253mm. The mean curvature radius between the re-
duction cone and the bearing zone is ca. 6.562mm. These values of die
half-angle and curvature radius were chosen following the work of
Béland et al. (2011) in order to minimise the pulling force without
compromising lifespan.
Two plugs, whose purpose is to control the tube ID, were used
(Fig. 7-b). Plug1 is typical of production with an average diameter of
3mm and a maximal diameter of 3.09mm. Plug2 is conical with a half-
angle of ca. 0.40° over 35mm and a maximal diameter of 3.43mm, thus
allowing to increase pass severity up to fracture.
4.3. Experimental drawing results
Passes were performed at diﬀerent section reductions and diﬀerent
Fig. 5. Measured tensile curves on tubes at 20 °C, 100 °C and 200 °C (a) with comparison against full sample curve at 20 °C in the inset. Example of curve ﬁtting at
20 °C using SiDoLo (b).
Fig. 6. Parameters of the Johnson-Cook law as a function of temperature. Solid
lines are drawn to guide the eye.
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drawing conditions. Three parameters (lubrication, drawing speed and
initial die temperature, Tdie) were varied as shown in Table 2.
4.3.1. Occurrence of stick-slip
Drawing using LA at v1 and Tdie = RT+45 °C led to stick-slip known
as “chatter” at RV>25% as indicated in Table 2. This corresponds to an
intermittent motion of the tube relative to the tools (Cook, 1980) as-
sociated with stick-slip spikes on the force evolution as shown in Fig. 8-
a after ca. 3 s of smooth sliding. This phenomenon is undesirable due to
slight dimensional variations and visible marking on the drawn tube
(see inset of Fig. 8-a). Drawing using LA at v1 and RV=30% was
achieved up to Tdie=110 °C without chatter by using plug1 instead of
plug2 (Fig. 8-b). This is due to the larger interspace available for lu-
bricant feeding of the tube-plug contact when the plug maximal dia-
meter is decreased. Lubricant viscosity also plays an important role in
the occurrence of chatter as evidenced in Fig. 8-b showing stick-slip at
Tdie=127 °C using LA at v1 and RV=30% with plug1. Drawings in
similar conditions (v1, RV=30%, plug1) but using LB instead of LA led
to chatter at Tdie≥55 °C. The use plug2 instead plug1 led to systematic
chatter using LB.
The fact that the die force remains fairly constant during chatter
indicates that sticking occurs mainly between tube and plug because of
lubricant starvation inside the tube by the collapse of the thick-ﬁlm of
lubricant due to a too low viscosity. Indeed, Lee et al. (2002) found that
full-ﬁlm lubrication collapses with decreasing viscosity. While Cook
(1980) demonstrated the advantage of using a “plastic plug lubricant”
instead of oil to reduce chatter, we found here that chatter never oc-
curred when using solid lubricant together with LA or LB. Besides in-
creasing lubricant viscosity, chatter is prevented by decreasing plug
maximal diameter (using plug1 instead of plug2) and decreasing pass
severity.
4.3.2. Estimation of tube temperature
The tube temperature in the bearing zone, Ttube, is an important
input parameter for the modelling. It is estimated using the
thermocouples presented in section 2.3. A typical temperature evolu-
tion at v1 and Tdie = RT is shown in Fig. 9-a. Temperature increases
rapidly during the ﬁrst 10–20 s before reaching a quasi-steady-state
value. The temperature drop at 40 s when the drawing speed was
suddenly decreased shows the high sensibility of the measurements.
The fact that Ts is lower than TCcontact when drawing at Tdie = RT is
attributed to the high thermal inertia of the die assembly compared to
the tube, which reaches a steady-state value almost instantaneously as
found by thermo-mechanical simulations. Therefore, Ts must be con-
sidered as a lower bound of Ttube. When drawing at v7 (Fig. 9-b) the
thermal steady state is not reached and TCcontact (and therefore Ttube)
exceeds 120 °C, which is consistent with the observed smoke indicating
a lubricant temperature of around 150 °C. When preheating the die at
RT+45 °C (Fig. 9-a), the fact that TCcontact barely reaches the initial die
temperature and remains lower than Ts during drawing is attributed to
convection loss between the bearing zone and the position of TCcontact.
Due to these limitations, Ttube was taken as the maximal value between
Ts and Tcontact at the end of drawing. This rough estimate gave a tube
temperature of about 60 °C for RT drawings at v1 (Fig. 9-a) and about
127 °C at v7 (Fig. 9-b). For drawings with Tdie = RT+45 °C at v1, tube
temperature is about 87 °C (Fig. 9-a). Ttube was found to be of little
dependence on section reduction and lubricating condition for the
tested conditions.
4.3.3. Typical force evolution
The forces corresponding to the drawings introduced in Fig. 9-a and
b are shown in Fig. 10-a . During drawing, friction between plug and
tube tends to drag the plug into the die. In the ﬁrst tenth of a second
Fplug remains nil, as shown in the inset of Fig. 10-a, before the rod starts
to hold the plug to compensate the drag force thus maintaining the plug
in its equilibrium position. This results in a force overshoot due to plug
initial positioning as also measured by Béland (Béland et al., 2011).
This overshoot is more pronounced with lower Young’s modulus and
longer length of the rod (Cook, 1980) and may cause chatter. This
overshoot is important since fracture occurs if the drawing force ex-
ceeds a critical value. In Fig. 10-a, the overshoot appears to decrease
with increasing initial die temperature. This overshoot occurs at ca.
0.3 s, before reaching nominal drawing speed, shown in inset in Fig. 10-
b. The nominal drawing speeds v1=40mm/s and v7=300mm/s are
reached after 6.5 and 1.5 s respectively and are therefore taken to
compute the plateau mean forces shown in the next section.
The eﬀect of the lubricating condition on the force evolution is
better seen for a tube lubricated with LA+ SL on the ﬁrst 90mm on the
swaged extremity and with only LA on the rest of its length (Fig. 11-a).
The plug force and therefore the drawing force increases suddenly at
Fig. 7. 3D measurements of the die (a) and the plug’s (b) geometries.
Table 2
Overview of tested drawing conditions with plug2 and corresponding achieved
section reduction range without fracture.
speed LA LA+ SL LB+ SL
die at
RT=23 ± 3 °C
v1=40mm/s 21-37 % 17-47 % 18-53 %
v7=300mm/s 22-36% 41-47% 23-53 %
die at RT+45 °C v1=40mm/s chatter at RV > 25% 22-63 % 22-61 %
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the transition between the tube extremity with LA+SL and the other
one with only LA. The solid lubricant reduces the initial overshoot
(Fig. 11-b), which is useful to reach high section reductions. In the ﬁrst
2.5 s in Fig. 11-b, the fact that Fdraw of the tube fully coated with SL is
lower than Fdraw of the tube partially coated with SL is attributed to the
better application of the solid lubricant on the fully coated tube.
4.3.4. Interrupted drawings
Forces being dependent on section reduction, a large number of
drawings would be required to investigate the whole range of RV for
each testing condition. Therefore, the concept of interrupted drawing
was introduced to decrease the number of drawings required to produce
force - RV diagrams. It consists of interrupting the drawing in order to
position the plug deeper into the die, thereby increasing the pass se-
verity thanks to the conical shape of plug2. The results of a tube ﬁxed-
plug drawing interrupted 3 times are shown exemplarily in Fig. 12-a.
After each interruption, the forces feature an overshoot followed by a
quasi-plateau. The plateau mean value of each force and the maximal
drawing force, Fdraw peak, are reported as a function of the corresponding
section reduction RV (deviation of± 1% on three samples) in Fig. 12-b.
The drawing force overshoot and therefore the drawing limit depends
on the yield strength of the material to draw. This is illustrated by the
fact that the ﬁrst peak corresponding to the material hardened by
swaging to form the tube tip is higher than the subsequent peaks cor-
responding to the material hardened by drawing.
Fig. 12-b shows that the drawing and die plateau values increase
with increasing section reduction while the plug plateau value is almost
independent of the pass severity. Plug1 gives slightly higher plug forces
than plug2 (due to the tube-plug1 contact surface being larger than that
of tube-plug2) but slightly lower die forces so that the resulting drawing
force is identical to that with plug2. Besides giving the same drawing
forces as plug1, plug2 has the advantage of allowing more severe passes
(up to fracture) than plug1 (limited to a small range of section reduc-
tion around 30%).
Fig. 12-b gives the maximal achievable section reduction without
fracture (ca. 47%) at v1 and Ttube=60 °C using LA+SL. Similar force -
RV diagrams where obtained for drawing conditions given in Table 2.
4.3.5. Drawing stress – section reduction diagrams
For comparison, the drawing stress on plateau, σdraw, is deﬁned as
the drawing force divided by the drawn cross-section, Sout, and plotted
as a function of section reduction as shown in Fig. 13.
The eﬀect of temperature for drawings at v1 using LA+SL is shown
in Fig. 13-b: an increase of Ttube from 60 °C to 87 °C leads to a decrease
of σdraw by ca. 17% and an increase of the drawing limit from 47% to
63%. A similar behaviour was found using LB+ SL as shown in Fig. 13-
c where σdraw decreases by 12–24% and the drawing limit increases
from 53% to 61% with increasing Tdie.
The eﬀect of drawing speed using LB+ SL and Tdie=RT is shown in
Fig. 13-c: σdraw decreases by 11–16% when the drawing speed is in-
creased from v1=40mm/s to v7=300mm/s. To discuss this eﬀect it
should be kept in mind that Ttube is around 127 °C at v7. Therefore,
considering the thermal eﬀect only, the σdraw – RV curve at v7 should be
lower than the one at v1 with Ttube=87 °C. This is not the case in
Fig. 8. Force evolution with chatter during drawing with plug2 - inset: corresponding tube outer surface after drawing (a). Eﬀect of die initial temperature on onset of
chatter with plug1 (b).
Fig. 9. Temperature evolution during drawings at v1 (a) and v7 (b).
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Fig. 13-b where the two curves are almost superimposed. This is at-
tributed to the positive strain-rate sensitivity of the alloy. The higher
strain rates reached at v7 lead to a higher ﬂow stress and therefore to an
increased drawing stress. The same drawing limit was reached at v1 and
v7 due to the fact that for both cases the force overshoot is reached at
35mm/s, which is before reaching the nominal drawing speed as
shown in Fig. 10-b.
σdraw is lower, implying lubrication is improved, with the use of the
solid lubricant as shown in Fig. 13-b where the drawing limit is in-
creased from 37% (Fig. 13-a) to 47%. The ﬁts of the σdraw – RV curves
Fig. 10. Forces evolution during drawing with plug2 introduced in Fig. 9-a and b (a) and drawn tube length evolution for two drawing speeds (b).
Fig. 11. Forces measured during drawing using LA of a tube coated with SL on the ﬁrst 90mm as indicated by the vertical dashed line (a) and comparison with tubes
drawn with or without SL (b).
Fig. 12. Forces measured during a ﬁxed-plug drawing interrupted 3 times (4 diﬀerent positions of plug2) to increase pass severity (a) and force-section reduction
diagram where all points correspond to drawings without fracture (b).
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for LA+ SL and LB+SL are compared in Fig. 14-a. The curves are
almost superimposed for a given tube temperature. At Ttube=87 °C, for
which LA and LB have almost identical viscosities (Fig. 2), the drawing
limits with LA+ SL and LB+SL indicated by the symbols are almost
identical. At Ttube=60 °C, for which LA and LB have diﬀerent viscos-
ities, the drawing limit reached with LA+ SL is increased with LB+ SL.
This suggests that the drawing limit increases with decreasing lubricant
viscosity, which is consistent with the higher drawing limit obtained
with a preheated die. This can be seen in Fig. 14-a and is best
understood in Fig. 14-b where Fdraw peak is statistically lower with
LB+ SL than with LA+ SL for a given RV at Ttube=60 °C. For both
LA+ SL and LB+ LS, fracture occurs when the maximal drawing stress
during overshoot is around 1100MPa, which is slightly higher than the
true stress at fracture measured on full tensile samples (see inset in
Fig. 5-a). This diﬀerence is to be expected considering the complex
loading path during tube ﬁxed-plug drawing. Indeed, the tube under-
goes an orthoradial compression in the reduction cone followed by a
concomitant radial compression and axial tension in the bearing length.
Fig. 13. σdraw – RV diagrams using plug2 with LA- (a) LA+SL (b) and LB+ SL (c). All points correspond to drawings without fracture. The vertical dashed lines
indicate the drawing limits. Linear regressions are shown to guide the eye.
Fig. 14. Overview of σdraw – RV linear regressions (without fracture) (a) and Fdraw peak – RV diagrams where all points correspond to drawings without fracture (b).
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At die exit, the tube is in a stress-state close to uniaxial tension. The
onset of ductile fracture depends not only the triaxiality ratio (Cao
et al., 2014) but also on the load history as shown by Papasidero et al.
(2015) on 2024 aluminium alloy tubular specimens. In general, pre-
compression increases the equivalent plastic strain that can be accu-
mulated before fracture as shown for example by Marcadet and Mohr
(2015) on a dual-phase steel.
4.4. Identiﬁcation of friction coeﬃcients
The tube-plug (plug2), μplug, and tube-die, μdie, friction coeﬃcients
were determined by comparing the plug and die plateau forces calcu-
lated by the FE model with the measurements. For a given force couple,
the two friction coeﬃcients are unique and easily retrieved after 3
iterations. Indeed, it has been checked numerically that the sensitivity
of the tube-die friction coeﬃcient to the plug force is about one tenth of
the sensitivity to the die force. In other words, μdie is primarily depen-
dent on Fdie. The same ﬁndings apply for μplug. A total of 20×3 simu-
lations with the parameters given in Table 3 were performed and the
results in terms of axial forces are shown exemplarily in Fig. 15.
As LA+SL and LB+SL lubricating conditions lead to similar
forces, the identiﬁcation of the friction coeﬃcients is done for LA+SL
(Fig. 15-a) up to 48% (6 simulations) and for LB+ SL at 53% (+1
simulation) since LB+ SL condition allows more severe passes (Fig. 15-
b). Please note that the model can be run for RV values higher than the
drawing limit determined by measurements as it does not contain any
damage model.
The identiﬁed friction coeﬃcients decrease with increasing RV as
shown in Fig. 16-a for the plug and in Fig. 16-b for the die.
μplug is decreased by the use of the solid lubricant in addition to the
liquid one as shown in Fig. 16-a. μplug is further decreased by increasing
temperature either by preheating the die or by increasing the drawing
speed. The same eﬀects but to a lesser extent are observed for μdie with
the exception of the solid lubricant, which has almost no eﬀect on μdie
(Fig. 16-b). The very low obtained values indicate excellent lubrication,
especially on the tube-die surface. Similar values (lower than 0.05)
were obtained by Linardon (Linardon et al., 2014) for mandrel drawing.
Besides choosing the best lubricant, Neves et al. (2005) showed that
friction could be further decreased by promoting pressurised lubrica-
tion during tube ﬁxed-plug drawing using two dies assembled within a
recipient, which can be sealed.
4.5. Stribeck friction curves for tube-die contact
The friction coeﬃcients are plotted as a function of the Stribeck
parameter deﬁned as the product of the relative velocity, V, and the
lubricant dynamic viscosity, η, divided by the normal force between the
two bodies in contact, FN, to obtain the Stribeck friction curve (Stribeck,
1902). The FE model gives V (ca. 26mm/s for v1=40mm/s and ca.
205mm/s for v7=300mm/s) and FN for each simulated pass. The
diﬀerence between the drawing speed and V is due to the tube de-
formation during drawing and was extracted from the FE modelling.
The viscosity η decreases slightly with increasing temperature
(Fig. 2) and increases with increasing pressure as shown by McConnell
and Lenard (2000) for rolling. The pressure in the lubricant during
drawing, which can be up to 1 GPa (Linardon et al., 2014), is diﬃcult to
determine and with a few exceptions, seen for instance in Diew et al.
(2015), the pressure dependency of η is generally not known. Therefore,
in this work, η is estimated by Reynolds’ model (Czichos and Dowson,
1978) based on Navier-Stokes equations for ﬂuid mechanics. It allows
calculating the thickness of the lubricant ﬁlm formed in the contact,
hlub, assuming (1) Newtonian ﬂuid, (2) laminar ﬂow, (3) ﬂuid ad-
herence to the walls and (4) incompressible ﬂuid of negligible inertia
and weight. Assimilating the die-tube contact to the Reynolds’ cylinder-
plate conﬁguration (Fig. 17-a), hlub writes (Czichos and Dowson, 1978):
= × × × ×h r L η V F2.45lub N (4)
where the contact radius r is taken as the mean die curvature radius (ca.
10mm in Fig. 17-b) and the contact length L is taken as the die cir-
cumference 2πrdie (ca. 10mm in Fig. 17-b).
The chemical composition proﬁles measured by XPS on the outer
surface of as-drawn tubes is shown in Fig. 18-a and b for LA and
LB+SL lubrication conditions respectively.
The composition proﬁles obtained on tubes drawn using LA (Fig. 18-
a) are almost identical with (Ttube=87 °C) or without (Ttube=60 °C)
preheating the die. The value of 50 nm taken for hLA yields a viscosity of
ηLA =33 Pa.s using Eq. 4. Such high viscosity is to be expected due to
the high tube-die contact pressure in the order of 800MPa as found by
the FE model.
From Fig. 18-b, the value of 500 nm is taken as upper bound for
Table 3
Overview of the 20 simulations performed with their parameters. Ttube is ac-
counted for through its inﬂuence on the tube properties.
number of simulations
Ttube (°C) speed LA LA+ SL LB+ SL
60 v1=40mm/s 3 6+1
87 v7=300mm/s – – 5
127 v1=40mm/s – 5
Fig. 15. Comparison between measurements and simulation for LA+ SL (a) and LB+ SL (b). All points correspond to drawings without fracture. The vertical dashed
lines indicate the drawing limits.
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hLB+SL. This value is comparable with the roughness average on the
outer surface of tubes drawn with LB+ SL ranging from 0.3 to 0.5 μm.
Using Eq. 4, the value of ηLB+SL=280 Pa.s is found. Such very high
viscosity is attributed to the high tube-die contact pressure and the
presence of solid lubricant.
The obtained η values are applied for the other passes with the same
lubricating conditions but diﬀerent severity to plot the Stribeck friction
curve for the tube-die contact (Fig. 19).
μdie decreases with decreasing Stribeck parameter in Fig. 19. This
indicates that lubrication on the die occurs in the hydrodynamic regime
where the tube-die surfaces are completely separated by a lubricant
layer. Friction is governed by the rheological behaviour of the lubricant
sheared in the high-pressure contact zone. Fig. 19 shows the non-uni-
city of the Stribeck curve as also found by Diew et al. (2015). The ad-
vantage of preheating the die to decrease μdie appears clearly. This is in
agreement with the work of Velkavrh et al. (2017) who found that
friction coeﬃcient decreases with increasing temperature from 50 °C to
200 °C for Zn phosphate+ stearate lubricant at high pressure
(200–1000MPa). These results are useful to optimise the pass sequence
in the drawing process by choosing the best lubrication and thermal
conditions of drawing, which give the lower friction coeﬃcients.
5. Conclusions
A simple approach is presented to determine the tube ﬁxed-plug
drawing limit with only a few interrupted drawings using a conical plug.
The drawing stress – section reduction diagrams obtained for diﬀerent lu-
bricating conditions and diﬀerent temperatures reveal the major role of
lubricant viscosity and constitute the basis for the determination of friction
coeﬃcients. The main ﬁndings are summarised below:
• Undesired stick-slip is prevented by improving lubricant feeding of
the tube-plug contact through an increased lubricant viscosity, a
decreased pass severity and a decreased plug maximal diameter.
• The use of a water-soluble polymer-based solid lubricant together
with a lubricating oil decreases the drawing stress thereby in-
creasing the drawing limit.
• The drawing limit is further increased by preheating the die.
• A simple but realistic FE model of drawing accounting for tem-
perature only through its inﬂuence on the tube mechanical beha-
viour allows for rapidly determining the friction coeﬃcients. They
are found to decrease with increasing pass severity.
• The Stribeck friction curves associated with lubricant thickness
measurements and theoretical predictions from lubrication formal-
isms show that lubrication in tube drawing can be described using
hydrodynamic lubrication concepts.
These results are the basis of the optimisation of the pass sequence
by allowing selection of the best lubricating and temperature conditions
for increasing the deformation per pass.
Fig. 16. Identiﬁed friction coeﬃcient between tube and plug2 (a) and tube and die (b). The vertical dashed lines indicate the drawing limits.
Fig. 17. Reynolds’ theory applied to tube-die contact (a) and corresponding dimensions (b).
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